, and the mechanism is largely attributed to depletion of a readfailure of action potential conduction at axonal ily releasable vesicle pool (RRP) and a decreased branches (Brody and Yue, 2000). probability of releasing a readily releasable vesicle A decrease in the presynaptic calcium current (ICa) during an action potential. Which of these two mechaduring an action potential could also, in principle, renisms is dominant and the mechanism that decreases duce the release probability. It contributes to STD inthe release probability remain debated. Here, we reduced by intensive stimulation, a prolonged (e.g., 10 s) port that a decreased release probability is caused by 100 Hz firing at the calyx of Held (Forsythe et al., 1998). a calcium-induced inhibition of presynaptic calcium
) to the 1st one, confirming that black) at intervals R 100 ms. The match was based the assumption holds. on Equation 1, in which n was obtained from synapses different from those where PPD was examined. To confirm the match at the same synapse, a 1 ms pulse to a
PPD Induced by Paired Action Potentials
In the experiments shown thus far, we used a 1 ms devoltage 2-5 mV less than an AP-e was applied without a preceding pulse (>30 s). It evoked similar ICa (101% ± polarization to mimic an action potential. Are the results . Paired-pulse current inplied to the calyx, the 2nd ICa and EPSC were decreased to 85% ± 2% and 58% ± 5% (n = 6; e.g., Figure jection (2 ms, 0.2-0.3 nA) with an interval of 500 ms at the current-clamp mode induced a pair of action poten-2A), respectively. These results were in the same order as, but larger than, those induced by paired AP-e with tials and calcium transients ( Figure 2D ). Consistent with a previous study , the amplitude of the the same interval (ICa, 77% ± 2%; EPSC, 46% ± 7%; n = 7; p < 0.05; Figure 1B) . The difference might be due 1st calcium transient was 37 ± 4 nM (n = 6). The amplitude of the 2nd calcium transient was 84% ± 2% (n = to different stimulation protocols. Nevertheless, according to Equation 1, PPD evoked by paired APW 6) of the 1st one (see Figure 2D for methods of measurements), which was similar to the decrease in ICa could be fully accounted for by ICa reduction, similar to PPD induced by paired AP-e. The EPSC induced by during paired APW with the same interval (85% ± 2%, n = 6). The decrease in the 2nd calcium transient was the 1st APW (1.6 ± 0.3 nA; n = 6) was smaller than that induced by an AP-e (5.3 ± 0.8 nA; n = 15) or an action not caused by saturation of the indicator, because the peak [Ca 2+ ] i induced by the pair of action potentials potential (6.0 ± 1.9 nA; n = 5), likely because of the imperfect voltage clamp (see also . was 184 ± 26 nM (n = 6), which was comparable to the dissociation constant of fura-2 (273 nM) measured at This was why we used an AP-e but not an APW.
We mimicked paired action potentials with identical calyces (Helmchen et al., 1997). In summary, ICa reduction caused PPD during paired AP-e ( Figure 1 ) and commands based on the assumption that the APW does not change. To test this assumption, we induced paired action potentials (Figure 2 ). action potentials by injecting 2 to 20 current pulses (2-4 ms, 0.2 -0.3 nA) at 2-30 Hz in the current-clamp Calcium-Induced Inhibition of P/Q-Type Calcium Channels mode. We did not observe significant changes in the amplitude or the half-width of the action potential durThe calyces we studied were from 8-to 10-day-old rats, in which P/Q-type calcium channels are predominant ing stimulation (e.g., Figures 2B and 2C) . A pair of current injections with an interval of 500 ms caused the but coexist with N-and R-type channels (Iwasaki and Takahashi, 1998; Wu et al., 1999). To determine whether 2nd EPSC to decrease to 55% ± 7% (n = 5; e.g., Figure  2B ) of the 1st one, in the same order as that induced P/Q-type calcium currents are depressed, we examined PPD in 13-to 14-day-old calyces, at which the only by paired AP-e (46% ± 7%; n = 7) or paired APW (58% ± 5%; n = 6). When the current injection was repeated 10 calcium channel type is P/Q-type (Iwasaki and Takahashi, 1998). At a paired-pulse interval of 500 ms, ICa to 30 times at 100 Hz, however, the action potential amplitude decreased, but the half-width increased and EPSC were decreased to 78% ± 2% and 51% ± 10% (n = 4; Figures 3A and 3I) , respectively, which were (data not shown, but see Borst and Sakmann, 1999 pathway is involved, we tested three calmodulin inhibitors during paired AP-e with an interval of 500 ms. A 17 AP-e with an interval of 500 ms was decreased to 95% ± 3% (n = 5; Figures 3C and 3I) , which was signifiamino acid myosin light chain kinase peptide (MLCK; 30 M; Calbiochem), a specific inhibitor of calmodulin cantly larger than control ( Figure 3I) . Similarly, when the extracellular calcium was replaced with barium, the 2nd (Torok and Trentham, 1994) , was added to the presynaptic pipette solution. The effect reached a plateau barium current charge at the interval of 500 ms was decreased to 93% ± 2% (n = 5; Figures 3D and 3I) , level in 2-3 min after break-in. The 2nd ICa and EPSC were decreased to 90% ± 4% and 71% ± 7% of the 1st suggesting that ICa reduction was induced by calcium. This conclusion is not necessarily in conflict with the one (n = 4; Figures 3E and 3I) , respectively, which were significantly larger than control ( Figures 1B and 3I) . In observation that reducing the 1st ICa did not relieve Figure 7B ). The RRP size was 95% ± 5% (n = 5), 80% ± 10% (n = 5), 76% ± 3% (n = lation, in which the calyx was intact ( Figures 4A-4D , gray triangles; Figure 4E ), suggesting that presynaptic 6), and 47% ± 7% (n = 5) of control, respectively (Figures 7B and 8D) . Thus, as predicted, depletion of the whole-cell dialysis does not affect STD (see Experimental Procedures for detail). We concluded that ICa reduc-RRP was minor after trains at %30 Hz, but significant after 100 Hz trains. Finally, we found that the RRP retion was the major mechanism causing STD during and after %30 Hz trains and 2 s after 100 Hz trains, but not covery after 20 AP-e at 30 or 100 Hz followed a biexponential function (Figures 8C and 8D; see Experimental during the 100 Hz train.
The above experiments were performed at room temProcedures for fitting results), which was similar to our previous report ). At 2 s after the 100 perature (22°C-24°C). To determine whether ICa depression also causes STD at body temperature, we reHz train, the RRP recovered to 81% ± 12% (n = 
, 2003). Our reComparison with Studies at Other Synapses
sults provide an alternative to correct the discrepancy We found that STD during %30 Hz and R100 Hz AP-e between the prediction from the simple depletion trains was mainly caused by ICa reduction and deplemodel and the experimentally observed STD at various tion of the RRP, respectively. The frequency range at firing frequencies. We found that a simple depletion which one mechanism is dominant depended on the model combined with ICa depression is sufficient to acinitial release probability. The initial release probability count for STD at various firing frequencies at calyces was 4.7% at calyces. A significant increase of this (Figure 8 ). probability, as predicted from simulation, would lower Although ICa depression provides an explanation to the frequency range at which depletion becomes domimany observations listed above, whether it really ocnant. Giving that the initial release probability may vary curs remains unclear, because most nerve terminals are among different synapses and recording conditions, too small to record ICa. However, there are a few exour findings may help to reconcile the debate on ceptions. At squid giant axons, ICa depression was not whether depletion or a depletion-independent mechaobserved during STD (Charlton et al., 1982) . Unfortunism causes STD in the literature. Depletion was clearly nately, the fidelity of ICa recordings in this early pioneer demonstrated in strong stimulation conditions, such as study seems insufficient to resolve a 10%-20% reduca hypertonic challenge, a prolonged depolarization at tion, which could fully account for STD based on the the nerve terminal, and a prolonged high-frequency highly nonlinear relation between release and ICa (Wu train of action potentials (Stevens and Tsujimoto, 1995;  and 
